Abstract
Introduction

33
In recent decades, nations around the world have attached more importance to renewable energy 34 resources such as biomass, taking them as a crucial part of the energy mix. In addition to various 35 woody feedstock, biomass fuels also include all kinds of agricultural and forestry wastes, such as 36 straw, sawdust, rice husks, peanut shells, bagasse, and animal waste as well as organic municipal 37 solid waste. They are mainly composed of carbon, hydrogen, oxygen, nitrogen and other elements. 38 Usually with high volatile matter mass fraction, high carbon reactivity, and low nitrogen, sulphur 39 and ash mass fractions, biomass has a very short production/replantation cycle of a few years and 40 hence is an ideal carbon-neutral replacement fuel for coal. However, biomass differs from coal in 41 many aspects in terms of fuel properties and hence combustion behaviours. In addition, some 42 properties such as moisture, volatile matter, ash and alkali metal mass fractions can significantly 43 affect biomass combustion processes in terms of flame stability and combustion efficiency, and 44 cause various operational problems such as fouling, slagging and corrosion of heat exchange tubes 45 within the pulverised-fuel combustion boilers [1] . To understand the underlying causes of these 46 problems, a profound understanding of the combustion characteristics and combustion kinetics of 47 various biomass fuels is crucial. In present work, high-speed cinematography was used as the main methodology to study the A high-speed camera (Phantomv12.1) was used to study the burning of single biomass particles.
153
The camera is capable of recording videos at a frame rate up to 1 MHz. At its full resolution (1280 x 154 800 widescreen), it can shoot at a frame rate of 6.242 kHz. The camera was fitted with a long The olive particles also exhibited two-phase combustions, however, somewhat differently as shown 206 in Fig.2 (c) . Firstly, when the volatile matter was burning, the flame was much fainter than the 207 volatile flames of other two types of biomass fuels and without the notable spherical envelope.
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Upon the extinction of the volatile flame, the char particle experienced a brief ignition delay period, 209 appearing to be dark for about one millisecond. Then the char ignition occurred at a corner of the 210 particle and spread gradually across the whole surface, with an increased luminosity. A similar 
Flame contour
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For each combustion event, a group of frames from the high-speed video were imported to Matlab. value of no more than 10) flame than the other two biomass fuels (with a value of more than 20) 266 could also be noticed on the luminous intensity profiles (Fig.4) . These indicate that the eucalyptus 267 particles burned at a lower temperature than pine and olive particles under the same V-DTF setup It is worth noting that there are two peak values in both the equivalent diameter (Fig.3) and the 274 average luminous intensity (Fig.4) [32] . For the pine particles, the other volatile peak, not detectable, was 288 assumed to be subsumed by the main peak (Fig. 5) , which may be confirmed by the much smaller 289 value of the first peak than the second one in Fig.4 (b) . Therefore, the observed two peaks of the 290 eucalyptus and pine particles during the volatile combustion stage (Figs. 3-4 Table 2 . Table 1 Proximate and ultimate analysis of the biomass fuels # This work was performed on substrates of unknown provenance, for which the chain of custody is not known. The species are known but the cultivars cannot be specified and while the authors believe that this work exemplifies the difference between the species -there is a reasonable concern that there may be substrate factors and handling chain factors that could influence the results obtained. 
